In the murine model of Lyme disease, C3H/He mice exhibit severe arthritis while C57BL/6N mice exhibit mild lesions when infected with Borrelia burgdorferi. Joint tissues from these two strains of mice harbor similar concentrations of B. burgdorferi, suggesting that the difference in disease severity reflects differences in the magnitude of the inflammatory response to B. burgdorferi lipoproteins. Stimulation of bone marrow macrophages from C3H/HeN mice with the B. burgdorferi lipoprotein OspA resulted in higher-level production of the inflammatory mediators tumor necrosis factor alpha, nitric oxide, and interleukin-6 (IL-6) than that of macrophages from C57BL/6N mice. In contrast, macrophages from C57BL/6N mice consistently produced larger amounts of the anti-inflammatory cytokine IL-10 than did C3H/HeN macrophages. Addition of recombinant IL-10 suppressed the production of inflammatory mediators by macrophages from both strains. IL-10 was found to modulate B. burgdorferi-induced inflammation in vivo, since C57BL/6J mice deficient in IL-10 (IL-10 ؊/؊ ) developed more severe arthritis than wild-type C57BL/6J mice. The increase in arthritis severity was associated with a 10-fold decrease in the number of B. burgdorferi organisms present in ankle tissues from IL-10 ؊/؊ mice. These findings suggest that in C57BL/6 mice, IL-10-dependent regulation of arthritis severity occurs at the expense of effective control of bacterial numbers.
Lyme disease is a multisystem disorder caused by infection with Borrelia burgdorferi (11, 28, 49) . The spirochetes are transmitted to a mammalian host via the bite of an infected Ixodes tick and subsequently disseminate from the site of inoculation. In the absence of antibiotic therapy, B. burgdorferi can infect multiple tissues, but it appears to have some predilection for joints, skin, and heart tissue (48, 49, 62) . Lyme arthritis is distinct from other types of arthritis in that a bacterial presence appears to be necessary to elicit lesions and in that arthritis is not dependent on T or B lymphocytes (6, 9, 48, 57, 58, 62, 74) . This subacute arthritis appears to be caused by the host inflammatory response to invasion of joints by the spirochete and is characterized by edema, synovial thickening, tendonitis, and a leukocytic infiltration consisting mainly of neutrophils and mononuclear cells (4) .
B. burgdorferi produces a number of outer membrane lipoproteins which possess potent inflammatory potential and are believed to be responsible for the inherent inflammatory properties attributed to this spirochete (15, 40, 56, 58) . These lipoproteins are capable of activating a wide variety of cell types, including macrophages (38, 40, 55, 56, 63) , neutrophils (45) , and endothelial cells (13, 18, 59, 70) , which results in the production of a broad spectrum of pro-and anti-inflammatory mediators that have been linked to inflammatory disease. The receptor responsible for mediating lipoprotein signaling is distinct from that for lipopolysaccharide (LPS)-mediated signaling (40, 50) ; however, the stimulatory properties of these lipoproteins are potentiated by CD14 (23, 60, 71) , the coreceptor for LPS (64, 72) , suggesting that these lipoproteins might be directed to receptors on responsive cell types. These and other findings suggest that host responses to these lipoproteins are directly responsible for creating distinctive inflammatory lesions of Lyme disease (25, 51) .
The lesions exhibited by B. burgdorferi-infected mice are similar to those seen in human disease, making the mouse an excellent model system for studying Lyme disease (4). Infection of different inbred mouse strains with B. burgdorferi can result in different but distinct disease outcomes, similar to the variability seen in the human population (5, 37, 49, 74) . Infection with a range of inoculum doses of B. burgdorferi elicits severe arthritis in C3H/HeN mice but mild to moderate arthritis in C57BL/6N mice at all spirochete concentrations tested (37) . When B. burgdorferi levels in ankles are quantified by PCR, the two mouse strains possess similar numbers of spirochetes, regardless of the concentration of the infectious dose and the disease severity displayed. One interpretation of these findings is that C57BL/6N mice are better able to regulate inflammation in response to B. burgdorferi lipoproteins than C3H/HeN mice, resulting in a less intense inflammatory response and decreased arthritis severity. In the present study, we tested this hypothesis by stimulating macrophages from C3H/HeN and C57BL/6N mice with a prototypic B. burgdorferi lipoprotein, OspA, and comparing the levels and scopes of inflammatory mediators produced. Differences in the balance of pro-and anti-inflammatory mediators produced by macrophage cultures from the two mouse strains were observed. The role of one cytokine, interleukin-10 (IL-10), that showed regulatory effects in vitro was assessed by infecting IL-10-deficient (IL-10 Ϫ/Ϫ ) mice with B. burgdorferi. The effect of this gene on disease severity is reported.
MATERIALS AND METHODS
Mice. Female C3H/HeNCr and C57BL/6NCr mice were obtained from the National Cancer Institute, and female C57BL/6J and C57BL/6-IL-10 tm/Cgn were obtained from The Jackson Laboratory (Bar Harbor, Maine). The C57BL/6-IL-10 tm/Cgn mice (IL-10 Ϫ/Ϫ ) contain an IL-10 gene that has been inactivated by targeted mutation (34) and backcrossed into C57BL/6J mice. Mice were housed in the Animal Resource Center at the University of Utah Medical Center according to National Institutes of Health guidelines for the care and use of laboratory animals.
Bacteria and lipoproteins. The N40 isolate of B. burgdorferi, provided at passage 3 from the mouse by Steve Barthold (University of California at Davis), was used in all infection studies (5) . Passage 4 cultures were stored at Ϫ70°C. These frozen stocks were subsequently grown in BSK-H medium containing 6% rabbit serum (Sigma Chemical, St. Louis, Mo.) for 3 to 5 days at 32°C prior to injection. Lipidated recombinant OspA (rOspA) from the B31 strain of B. burgdorferi was a gift from Robert Huebner (Connaught Laboratories, Swiftwater, Pa.). rOspA contained less than 0.3 endotoxin units/500 ng of protein as determined by the Limulus amoebocyte lysate assay (Associates of Cape Cod, Woods Hole, Mass.) and has been shown to possess stimulatory properties similar to those of native OspA purified from B. burgdorferi (67) .
Reagents. Paired monoclonal antibodies and recombinant standards for murine tumor necrosis factor alpha (TNF-␣), IL-6, and IL-10 were purchased from Pharmingen (San Diego, Calif.). Polyclonal goat anti-mouse immunoglobulin (Ig) and horseradish peroxidase (HRP)-conjugated rabbit anti-mouse IgG1, IgG2a, IgG2b, and IgG3 were purchased from Zymed (San Francisco, Calif.). Purified murine IgG, IgM, and polyclonal HRP-conjugated antibodies specific for murine IgG and IgM were purchased from Sigma. Avidin-HRP was purchased from Vector Laboratories (Burlingame, Calif.). LPS from Salmonella typhi 14901 was obtained from Sigma.
Cell culture. Murine macrophages were obtained from femur bone marrow as previously described (38) . Briefly, bone marrow cells were cultured in RPMI medium supplemented with L929-conditioned medium for 7 days at 37°C. Macrophages were recovered with ice-cold phosphate-buffered saline and replated in 12-well culture dishes at a density of 5 ϫ 10 5 per well in serum-free medium containing 1% Nutridoma (Boehringer Mannheim, Indianapolis, Ind.). After an overnight incubation at 37°C, nonadherent cells were removed and various agonists were added. Addition of polymyxin B effectively blocked activation of cells by LPS but had no effect on cultures stimulated with OspA and so was included in all OspA samples. Supernatants were harvested from these cultures at various times and frozen at Ϫ20°C until assayed.
Cytokine and nitric oxide assays. All cytokines were assayed from frozen macrophage supernatants except TNF-␣, which was assayed immediately upon collection. Supernatants were assayed for TNF-␣, IL-6, and IL-10 content by sandwich enzyme-linked immunosorbent assay (ELISA) using paired monoclonal antibodies. Cytokine levels were determined by using a biotinylated detection antibody and avidin-HRP. Values were obtained by comparison to data for appropriate recombinant standards.
Nitrite levels in macrophage supernatants were assayed as previously described (17) . Briefly, 100 l of Griess reagent [equal volumes of 1% sulfanilamide in 30% acetic acid and 0.1% N-(1-naphthyl)ethylenediamine dihydrochloride in 60% acetic acid) was added to 50 l of thawed supernatant. Samples were read with an ELISA reader at 570 nm, and values were determined by using sodium nitrite as a standard.
Infection of mice. B. burgdorferi numbers were determined after 3 to 5 days in culture by darkfield microscopy using a Petroff-Hauser chamber. Spirochetes were diluted in sterile medium such that there were 2 ϫ 10 3 B. burgdorferi cells per 20-l dose. Mice 6 to 7 weeks of age were infected by intradermal injection into shaven backs; this protocol closely mimics tick infection and has been shown to consistently elicit infection (3, 52) . Infection was confirmed by ankle swelling, culturing of viable spirochetes from ear tissue, production of B. burgdorferispecific Ig, and the presence of B. burgdorferi DNA in tissues as determined by PCR. Mock-infected animals received 20 l of sterile BSK-H medium by intradermal injection and tested negative for B. burgdorferi by the above criteria.
Measurement of ankle joints. Ankle joint measurements were performed as described previously (73) and provided a method of following the course of infection. Mice were anesthetized with methoxyflurane before measurement of the rear ankle joints by the use of a metric caliper. Weekly measurements were performed in a blinded fashion on the thickest portion (anterior-posterior) of the ankle, with the joint extended. Since normal joints from different strains of mice can differ in size, findings are reported as the increase in swelling relative to mock-infected animals for each mouse strain.
Lesion assessment of ankle joints. Histologic analyses were performed on the rear ankle joint that exhibited the greatest amount of swelling when mice were sacrificed at 2 or 4 weeks postinfection. Joints were fixed in 10% neutral-buffered formalin, decalcified, embedded in paraffin, and sectioned at 5 m thickness, and sections were stained with hematoxylin and eosin. Sections were viewed in a blinded fashion and assessed for various lesions of disease, including edema, neutrophil-and/or mononuclear-cell-infiltration, tendon sheath thickening, and reactive and reparative responses. Each lesion was issued a score ranging from 0 to 5, with 5 representing the most severe lesion and 0 indicating normal tissue. Scores for individual lesions were incorporated into the overall lesion scores reported for this study.
DNA preparation. The contralateral rear ankle joint, the entire heart, and ear tissues were harvested from experimental animals sacrificed at 4 weeks postinfection, and DNA was prepared as previously described (37) . Briefly, individual tissue specimens were incubated in 0.1% collagenase at 37°C overnight before addition of an equal volume of 0.2-mg/ml proteinase K (Sigma). After an overnight incubation at 55°C, DNA was recovered by phenol-chloroform extraction and ethanol precipitation. Following digestion with DNase-free RNase (Sigma) at 1 mg/ml, samples were again extracted and DNA was recovered by precipitation. This precipitate was resuspended in 1.5 ml of water, and the DNA content was determined by measuring the absorbance at 260 nm.
Quantification of B. burgdorferi by continuous monitoring of PCR. PCR analyses were performed in a fluorescence temperature cycler (LightCycler LC24; Idaho Technology, Idaho Falls, Idaho) as previously described (44) . Briefly, amplification was performed on 200 ng of sample DNA in a 10-l final volume containing 50 mM Tris (pH 8.3), 3 mM MgCl 2 , 4.5 g of bovine serum albumin, 200 M deoxynucleoside triphosphates, a 1:30,000 dilution of SYBR Green I (Molecular Probes, Eugene, Oreg.), 5 M each primer, 0.5 U of Taq polymerase (GIBCO BRL, Gaithersburg, Md.), and 110 ng of TaqStart antibody (ClonTech, Palo Alto, Calif.). Amplification was performed at 40 cycles, with each cycle consisting of heating at 20°C/s to 95°C with a 1-s hold, cooling at 20°C/s to 60°C with a 1-s hold, and heating at 1°C/s to 84°C. This technique continuously monitors the cycle-by-cycle accumulation of fluorescently labeled product. The cycle at which the product is first detected is used as an indicator of the relative starting copy numbers present in the sample. Copy numbers for mouse nidogen gene and B. burgdorferi recA were calculated by using the LightCycler software, and recA values were corrected by normalization based on the nidogen gene copy number. The oligonucleotide primers used to detect mouse nidogen were nido.F (5Ј-CCA GCC ACA GAA TAC CAT CC-3Ј) and nido.R (5Ј-GGA CAT ACT CTG CTG CCA TC-3Ј). The oligonucleotide primers used to detect B. burgdorferi recA were nTM17.F (5Ј-GTG GAT CTA TTG TAT TAG ATG AGG CTC TCG-3Ј) and nTM17.R (5Ј-GCC AAA GTT CTG CAA CAT TAA CAC CTA AAG-3Ј).
Immunoglobulin quantification. Serum obtained by retro-orbital bleeding of experimental animals was assayed by ELISA to determine the total Ig as well as the B. burgdorferi-specific Ig content. Microtiter plates were coated with either sonicated B. burgdorferi or goat antibodies to mouse IgG, IgM, and IgA. Serum dilutions were added to plates for 90 min at 37°C, and bound murine Ig was detected by addition of HRP-conjugated antibodies to murine IgG or IgM. Ig content was determined by comparison to standard curves constructed by using purified IgG or IgM. B. burgdorferi-specific Ig subclasses were assessed by determining the titers of serum samples on plates coated with sonicated B. burgdorferi, using isotype-specific HRP-conjugated secondary antibodies.
Statistical analysis. The degrees of statistical significance of the quantitative differences between sample groups were determined by application of Student's t test.
RESULTS
Differential production of inflammatory mediators by macrophages from C3H/HeN and C57BL/6N mice. Previous studies have shown that C3H (both C3H/HeN and C3H/HeJ) and C57BL/6N mice exhibit different degrees of arthritis severity when infected with equivalent doses of B. burgdorferi and yet their affected tissues contain similar numbers of spirochetes (37) . This finding suggests that the differences in arthritis severity between the two mouse strains are related to differences in the intensity of the inflammatory response to B. burgdorferi and its lipoproteins. To address this issue, bone marrow macrophages from C3H/HeN and C57BL/6N mice were cultured in the presence of the B. burgdorferi lipoprotein OspA and supernatants were assayed for the presence of representative inflammatory mediators. Macrophages from C3H/HeN mice were found to produce substantial amounts of IL-6 in response to OspA, with maximum production elicited in response to 50 to 500 ng of lipoprotein/ml (Fig. 1) . Macrophages from C57BL/6N mice secreted significantly less IL-6 in response to OspA than macrophages from C3H/HeN mice. Similar differences in IL-6 production were seen with macrophages cultured in the presence of LPS, indicating that this distinction is not lipoprotein specific.
Other inflammatory mediators were also produced at higher levels by macrophages from C3H/HeN mice than by macrophages from C57BL/6N mice. C3H/HeN macrophages produced 2-to 10-fold-higher levels of nitric oxide and TNF-␣ than C57BL/6N mice (Fig. 1) . This bias was not specific for lipoproteins, since both nitric oxide and TNF-␣ levels elicited in response to LPS were also higher in macrophage cultures VOL. 67, 1999 IL-10 REGULATION OF MURINE LYME DISEASE 5143 from C3H/HeN mice than in those from C57BL/6N mice. This disparity was not related to differences in sensitivity to the agonist concentration, since the two macrophage populations responded to similar concentrations of OspA and LPS. Additionally, these differences were not due to production of higher baseline levels of inflammatory mediators by C3H/HeN macrophages, since the two cell types secrete similar quantities of mediators in the absence of an agonist. Diminished levels or the absence of anti-inflammatory cytokines such as IL-10 has been linked to increased severity of inflammatory disease (32, 36) . Analysis of culture supernatants indicated that macrophages from C57BL/6N mice produced up to 10-fold-higher amounts of IL-10 than did macrophages from C3H/HeN mice (Fig. 2) ; this finding is the opposite of the trend seen with secretion of proinflammatory mediators. These differences were also not lipoprotein specific, since IL-10 levels produced in response to LPS were much higher in macrophage culture supernatants from C57BL/6N mice than in those from C3H/HeN mice. Collectively, the C57BL/6N macrophage cultures that produced small quantities of inflammatory mediators did produce high levels of IL-10 ( Fig. 1 and 2 and data not shown), demonstrating that the diminished production of inflammatory mediators was not due to decreased fitness of the C57BL/6N cultures. These data indicate that in response to the B. burgdorferi lipoprotein OspA, macrophages from C3H/HeN mice produce substantially higher levels of inflammatory mediators and smaller amounts of an anti-inflammatory cytokine than macrophages from C57BL/6N mice.
Exogenous IL-10 reduces the levels of inflammatory mediators produced in response to OspA. Previous studies have shown that IL-10 can downregulate a wide range of inflammatory mediators produced by macrophages in response to LPS (43) . To determine if IL-10 can also suppress the levels of inflammatory mediators produced in response to B. burgdorferi lipoproteins, macrophages from both C3H/HeN and C57BL/6N mice were cultured in the presence of OspA and increasing amounts of rIL-10. In the absence of exogenous IL-10, macrophages from C3H/HeN mice produced two-to threefold more IL-6 than did macrophages from C57BL/6N mice ( Fig. 1  and 3 ). The addition of rIL-10 resulted in a Ͼ90% decrease in IL-6 production by macrophages from either mouse strain, such that little IL-6 was detectable in the presence of 1 to 5 ng of rIL-10/ml. The high concentrations of TNF-␣ produced by C3H/HeN macrophages in response to OspA were also reduced to levels similar to those produced by C57BL/6N macrophages in the presence of exogenous IL-10 (Fig. 3) . More than 90% of cells from all cultures excluded trypan blue, and mRNA could be recovered (data not shown), suggesting that these decreases were not due to killing of macrophages by the added exogenous IL-10. It was interesting that the addition of low levels of rIL-10 (Յ1 ng/ml) caused the production of IL-6 and TNF-␣ by macrophages from C3H/HeN mice to drop to levels similar to those of C57BL/6N macrophages (Fig. 3) .
IL-10-deficient C57BL/6J mice have more B. burgdorferiinduced lesions than wild-type C57BL/6J mice. The previous findings suggested that IL-10 production by C57BL/6N mice might play a role in controlling B. burgdorferi-induced inflammation in vivo. To test this hypothesis, IL-10 Ϫ/Ϫ mice were infected with B. burgdorferi and evaluated for disease severity. The IL-10 Ϫ/Ϫ disruption is in a C57BL/6J substrain background, as opposed to the C57BL/6N mice that were used in the previous in vitro studies ( Fig. 1 to 3 ). When these in vitro experiments were repeated with macrophages from both C57BL/6 substrains, similar results were generated (data not shown). We have observed a higher degree of variability in arthritis severity in the C57BL/6J substrain mice, ranging from mild or moderate to severe in a small percentage of animals. The greater severity occurs more frequently in male mice than in females (unpublished observation); therefore, female mice were used in this experiment. Bone marrow-derived macrophages from IL-10 Ϫ/Ϫ mice produced concentrations of proand anti-inflammatory mediators similar to those of wild-type C57BL/6J macrophages in response to OspA or LPS in vitro (data not shown). Infected wild-type C57BL/6J displayed mostly mild to moderate arthritis, with one animal displaying severe arthritis (see Fig. 5 ). Infection was confirmed by culturing the tissue from an ear from each animal at the time of sacrifice; all ear cultures of infected animals produced viable B. burgdorferi after 2 weeks in culture (data not shown). Disease progression was monitored by weekly measurement of rear ankle joints. C3H/HeN mice showed greatly increased ankle swelling within 2 weeks and maximum swelling at 3 to 4 weeks postinfection (Fig. 4) . C57BL/6J mice displayed little ankle swelling after infection with B. burgdorferi, consistent with previous reports (37) . IL-10 Ϫ/Ϫ C57BL/6J mice showed greater ankle swelling as early as 2 weeks postinfection and maximum swelling at 3 to 4 weeks. Ankle swelling for the infected IL-10 Ϫ/Ϫ mice was not as pronounced as that in C3H/HeN mice but was significantly greater than that of the wild-type C57BL/6J mice (P Ͻ 0.01). These findings indicate that in the absence of IL-10, B. burgdorferi-infected C57BL/6J mice display increased ankle swelling.
To further assess the effect of IL-10 on arthritis development, one ankle joint from each animal was sectioned and evaluated histopathologically. When the overall lesion scores of the different mouse strains were compared, infected C3H/ HeN mice were found to have significantly more lesions than infected C57BL/6J mice (Fig. 5) , similar to previous findings with the C57BL/6N substrain (37) . Again, the arthritis phenotype in the C57BL/6J substrain was more variable than previously identified for the C57BL/6N substrain (37) . Lesion scores in infected IL-10 Ϫ/Ϫ mice were also significantly lower than those of C3H/HeN ankles (P Ͻ 0.01) but were substantially higher than those of wild-type C57BL/6J mice (P ϭ 0.08). When the individual traits that make up the overall lesion scores were compared, no single lesion trait appeared to be linked to the absence of IL-10, but all were somewhat increased. These findings indicate that genetic ablation of IL-10 results in more overall inflammatory lesions; however, the absence of IL-10 alone is not enough to produce arthritis of severity equivalent to that exhibited by infected C3H/HeN mice.
IL-10 deficiency results in decreased numbers of B. burgdorferi in tissues.
It has been previously shown that C3H/HeN and C57BL/6N mice exhibit very different levels of arthritis severity when infected with B. burgdorferi yet have quite similar numbers of bacteria in their joint tissues (37) . To determine if IL-10 deficiency has any effect on bacterial persistence, DNA from various infected mouse tissues was purified and the numbers of B. burgdorferi organisms present were determined by continuous monitoring of quantitative PCR (46) . This technique has been previously shown to allow comparison of various tissues and mouse strains and is based on normalization to the singlecopy-number mouse nidogen gene. Ankle tissues from C3H/ HeN mice taken 4 weeks postinfection were found to contain an average of 14 B. burgdorferi recA molecules per 1,000 mouse nidogen gene copies (Fig. 6) . These numbers were similar to those found in ankles of infected C57BL/6J mice and confirm the trend observed in previous studies using C57BL/6N mice (37) . Interestingly, when ankle tissues from infected IL-10 Ϫ/Ϫ mice were examined, every animal contained small numbers of VOL. 67, 1999 IL-10 REGULATION OF MURINE LYME DISEASE 5145
on August 28, 2017 by guest http://iai.asm.org/ B. burgdorferi organisms, and the average spirochete numbers were 10-fold lower than that of the wild-type C57BL/6J mice. Also, there was much less variance in B. burgdorferi numbers among infected IL-10 Ϫ/Ϫ mice, with the highest values still being lower than the lowest values of the other mouse strains. When ear tissues were assessed for spirochete numbers, infected C3H ears contained twofold more B. burgdorferi organisms than did ears from C57BL/6J mice (P Յ 0.05) (Fig. 6) . Infected IL-10 Ϫ/Ϫ mouse ear tissues showed a further threefold decrease in B. burgdorferi numbers from that of their wild-type partners (P Յ 0.05), although the ranges were overlapping. Hearts from infected C3H/HeN mice contained fivefold more B. burgdorferi than did hearts from C57BL/6J (Fig.  6 ), also consistent with results of previous studies using C57BL/6N mice (37) . There was little further decrease in spirochete numbers in IL-10 Ϫ/Ϫ mouse hearts from the alreadylow levels in wild-type C57BL/6J mice. All tissues isolated from uninfected controls of all three mouse strains contained no detectable B. burgdorferi DNA (data not shown). These findings document that in the absence of IL-10, infected animals are better able to control spirochete numbers in ankle and ear tissues.
Absence of IL-10 results in increased antibody production. One mechanism by which IL-10 Ϫ/Ϫ animals might better control bacterial infection would be through increased production of B. burgdorferi-specific antibodies. When B. burgdorferi-specific antibodies from the serum of infected mice were assessed, C3H/HeN mice were found to possess twofold more antibodies than C57BL/6J mice (Fig. 7) . Serum from infected IL-10 Ϫ/Ϫ mice contained twofold more specific antibody than C3H/HeN mice and fourfold more than the wild-type mice. Comparison of total IgG levels of the three mouse strains revealed that IL-10 Ϫ/Ϫ mice produced larger amounts of antibody than C3H/ HeN or C57BL/6J mice (data not shown). Therefore, the increased antibody levels seen in the sera of IL-10 Ϫ/Ϫ mice appear to be a general trend that is consistent with known effects of IL-10 (34). B. burgdorferi-specific IgG1 levels were substantially higher in serum from infected C3H/HeN mice than in that from C57BL/6J mice (Table 1) . Serum from infected IL-10 Ϫ/Ϫ mice contained larger amounts of B. burgdorferi-specific IgG1 than did that from wild-type C57BL/6J, with titers approaching those present in C3H/HeN serum. B. burgdorferi-specific IgG2b and IgG3 levels in serum from infected C3H/HeN mice were also higher than or similar to those in C57BL/6J serum. Serum from infected IL-10 Ϫ/Ϫ mice contained larger amounts of B. burgdorferi-specific IgG3 and, especially, IgG2b than serum from the other mouse strains. (We were unable to assess IgG2a levels in IL-10 Ϫ/Ϫ or wild-type C57BL/6 mice because they lack the gene for IgG2a and instead express the novel IgG2c isotype [30, 41, 42] . Commercially available anti-IgG2a sera do not consistently cross-react with IgG2c, and reagents specific for IgG2c are unavailable at this time.) These results indicate that infected animals produce larger quantities of B. burgdorferi-specific Ig in the absence of IL-10 and that this increase is not isotype specific.
DISCUSSION
The murine model of Lyme disease has proven beneficial in the elucidation of host factors responsible for the development of Lyme arthritis (58) . Such studies have indicated that susceptibility to severe subacute arthritis is not linked to genes involved in mediating the acquired immune responses but is more likely due to differences in the inflammatory responses of these strains (1, 6, 31, 68) . B. burgdorferi membrane lipoproteins directly activate a number of inflammatory cell types, and differential induction of inflammatory and anti-inflammatory molecules could modulate inflammatory arthritis. In this study, we found that the anti-inflammatory cytokine IL-10 has a ma- a The indicated mouse strains were infected as described in Materials and Methods. Serum was collected 4 weeks postinfection, and B. burgdorferi-specific IgG subclasses were assessed by ELISA. Numbers represent the inverse values for the lowest serum dilutions that produced an optical density of Ն0.1 and reflect the average values for eight infected animals. Values for serum from mock-infected animals at a 1:100 dilution were Յ0.1 (data not shown). These results are representative of two separate experiments.
VOL. 67, 1999 IL-10 REGULATION OF MURINE LYME DISEASE 5147 jor influence on the degree of inflammation and severity of arthritis in B. burgdorferi-infected mice. This finding was documented both by an increase in ankle swelling following infection with B. burgdorferi in mice deficient in IL-10 and histopathological scoring of lesions for ankle joints taken from mice 4 weeks postinfection. Both measures of injury strongly indicated that genetic ablation of the IL-10 gene in an arthritisresistant mouse strain resulted in an increase in the severity of arthritis. This observation suggests that IL-10-dependent regulation of the inflammatory response to B. burgdorferi defines a major pathway controlling arthritis severity in C57BL/6 mice. The fact that arthritis was not as severe in the IL-10 Ϫ/Ϫ C57BL/6 mouse as in the C3H/HeN mouse indicates that additional pathways may also be functioning to modify inflammation in C57BL/6 mice. While inflammation is an essential component of host defenses, an excessive inflammatory response can lead to detrimental outcomes such as arthritis and septic shock. Macrophage-derived proinflammatory cytokines have been detected in joints of patients with rheumatoid arthritis (10, 20) , and the presence of such mediators has been shown to directly influence much of the tissue damage which occurs in arthritis (26, 33, 54, 69) . IL-10, which is secreted by macrophages and other immune cells, serves as an important negative regulator of inflammatory responses (43) . IL-10 has been shown to downregulate many inflammatory mediators produced by macrophages both in vitro and in vivo (7, 8, 16, 19) , apparently by downregulating NF-B activation (35) . Subsequently, it has been shown that IL-10 concentrations in the ankle joints can alter the course of arthritic disease. Addition of exogenous IL-10 to synovial fluid mononuclear cells from patients with rheumatoid arthritis was shown to inhibit production of inflammatory cytokines in vitro, while addition of IL-10-neutralizing antibody caused a significant increase in inflammatory cytokine levels (27) . Intraperitoneal injection of rIL-10 (29, 66) and adenovirus-mediated transfer of an Epstein-Barr virus-encoded IL-10 gene (2, 39) were shown to reduce disease severity in a murine model of collagen-induced arthritis. Taken together, these data indicate that increased IL-10 levels in tissues affected by different types of arthritis could suppress inflammatory responses and subsequently decrease disease severity.
Outer membrane lipoproteins produced by B. burgdorferi have been shown to potently activate macrophages (38, 40, 55, 56, 63) , endothelial cells (13, 18, 59, 61, 70) , neutrophils (45) , and B cells (40, 63) to produce many of the same proinflammatory mediators that have been implicated in different models of arthritis. Although the expression of different lipoproteins by B. burgdorferi is regulated by the environment inhabited by this organism (15) , OspA has served as the prototypic lipoprotein for most in vitro studies. The B. burgdorferi genome encodes over 100 proteins containing the signal peptidase II consensus sequence for Pam 3 Cys modification that is responsible for the stimulatory properties of lipoproteins (22) . Therefore, it is possible that an excessive inflammatory response to these outer membrane lipoproteins is related to more-severe arthritis. We found that a higher ratio of inflammatory to anti-inflammatory products was induced by OspA in macrophages from C3H/HeN mice and that the opposite was true for macrophages from C57BL/6 mice. Recently, Giambartolomei et al. have shown that heat-killed B. burgdorferi and OspA can stimulate IL-10 production in peripheral blood mononuclear cells from humans and rhesus monkeys in vitro (24) . The main source of IL-10 in B. burgdorferi-stimulated human peripheral blood mononuclear cells was subsequently identified as the monocyte (23) . Furthermore, we have shown that addition of physiologic amounts of IL-10 to macrophage cultures suppresses the production of OspA-induced TNF, nitric oxide, and IL-6 (Fig. 3) . These results suggest the following mechanism for the regulatory influence of IL-10 on arthritis development in B. burgdorferi-infected mice: IL-10 serves to depress the intensity of the inflammatory response to B. burgdorferi lipoproteins that are expressed in vivo. This process results in less-intense inflammatory responses in C57BL/6 mice, since their cells appear to innately produce more IL-10 than those of C3H/HeN mice. The removal of IL-10 from C57BL/6J mice by genetic ablation interrupts the regulation of inflammation and results in an increase in arthritis severity.
A striking finding from this study was that infected IL-10 Ϫ/Ϫ mice, which displayed larger ankle lesions, contained 10-and 3-fold-fewer spirochetes in ankle and ear tissues, respectively than infected C57BL/6J mice. This was surprising, since previous studies of arthritis-resistant BALB/c mice demonstrated that arthritis resistance could be overcome by a high inoculum dose and that this dose was associated with an increase in the number of spirochetes in ankle tissues (37) . Similarly, Pennington et al. showed that a serotype of Borrelia turicatae that caused severe arthritis was present at sevenfold-higher levels in affected tissues than a serotype that caused less-severe disease (53) . In this study, the increase in arthritis severity in IL-10
mice was correlated with decreased numbers of B. burgdorferi spirochetes in ankle tissues. These results indicate that IL-10-dependent regulation of the inflammatory response coordinately reduces the effectiveness of the host defense against B. burgdorferi. Whether the reduction in B. burgdorferi numbers is mediated at the level of inhibiting spirochete dissemination to affected tissues or increased clearance of the spirochetes after they reach these tissues has yet to be determined. Therefore, understanding the mechanism of action of IL-10 in this infectious process will provide insight into the normal host defense against B. burgdorferi. There have been several reported cases in which IL-10 has been shown to reduce the antimicrobial activities of immune cells. Studies of infected IL-10 Ϫ/Ϫ mice or mice in which IL-10 has been neutralized with antibodies have generally indicated that the elimination of pathogens is more effective when IL-10 is absent (14, 21, 47, 65, 75) . In some cases, the effect of IL-10 has been at the level of CD4
ϩ -T-cell responses, with IL-10 modulating the type of help for antibody production. In this study, IL-10 Ϫ/Ϫ mice produced higher levels of B. burgdorferispecific IgG1, IgG2b, and IgG3 than wild-type mice at 4 weeks postinfection. However, increases in the levels of these Ig isotypes have not been directly linked to decreased bacterial numbers. Additionally, B. burgdorferi numbers were already reduced at 2 weeks postinfection, a time at which no obvious differences in B. burgdorferi-specific IgG or IgM levels were seen between mouse strains (data not shown). It has increasingly been recognized that a major target of IL-10 is the phagocytic cell and that suppression leads to an inhibition of the innate ability of this cell type to combat microbial infections (14, 21, 47, 65, 75) . We hypothesize that the activity of neutrophils, monocytes, and/or other cell types involved in innate defenses may be suppressed by IL-10 in C57BL/6 mice and that in the absence of this cytokine there is more-efficient killing of the bacteria. Burns and Furie have shown that IL-10 treatment of endothelial monolayers causes a decrease in migration of monocytes in response to B. burgdorferi (12) , suggesting that the anti-inflammatory effects of IL-10 may be mediated through the recruitment of inflammatory cells.
As previously mentioned, while the severity of arthritis in IL-10 Ϫ/Ϫ mice was greater than that in wild-type C57BL/6J mice, it was not as great as that observed for the C3H/HeN mice. This finding suggests that genes within other regulatory pathways also contribute to arthritis severity. This hypothesis is consistent with published results from our mapping study, in which at least three chromosomal regions that regulate arthritis severity in C3H/HeN mice were identified (68) . Since the IL-10 structural gene and its receptor map to regions distinct from those identified in our quantitative trait loci analysis, we expect that the arthritis-regulatory genes within these loci are involved in other pathways that regulate disease severity and that these other pathways are involved in the disease phenotype polymorphism seen in C3H/HeN and C57BL/6 mice.
In summary, increased production of IL-10 by C57BL/6 mice appears to be related to decreased arthritis severity. The antiinflammatory effect of IL-10 appears to allow C57BL/6 mice to minimize inflammation produced in response to B. burgdorferi lipoproteins in infected joint tissues. However, this decreased inflammation does have a cost to the animal, since the numbers of persisting spirochetes in these tissues are large. This expense to the animal is documented by the fact that an IL-10-deficient mouse harbors significantly fewer spirochetes 4 weeks postinfection than does a wild-type C57BL/6 mouse. Therefore, it appears that C57BL/6 mice have established a balance in their innate responses to B. burgdorferi: the magnitude of inflammation in joints is regulated at the expense of persistence of large numbers of spirochetes in joint tissues.
